INTRODUCTION Murray Valley encephalitis virus (MVE) is a member of the family Flaviviridae
, and has a distribution extending from Irian Jaya and Papua New Guinea to Australia (French, 1973; Doherty, 1977) . Virus activity has been shown to recur annually during the wet season in the east and west Kimberley regions of Western Australia. The climate in the north of Australia is marked by two seasons, a wet period (December to April) and a dry period (July to October). The mechanism by which the virus survives the dry season is not known.
Serological studies of man and animals in the north of Australia (Liehne et al., 1976a; Doherty et al., 1977) have shown a high prevalence of MVE antibodies. The principal vertebrate hosts are believed to be water-birds (Liehne et al., 1976a; Marshall et al., 1982) . Culex annulirostris appears to be the major vector in the primary cycle (Kay, 1980 Wright et al., 1981) . The south-eastern distribution of MVE is marked by sporadic epidemics of encephalitis in humans (Anderson, 1954; Doherty, 1977) , the last of which occurred in 1974. The case to seroconversion ratio of Murray Valley encephalitis is low (less than 1:500). The case fatality rate can be high (Anderson, 1954) , There were unprecedented climatological conditions preceding this last epidemic, and it has been suggested that heavy rainfall and extensive flooding may be important factors in the dissemination of MVE from the enzootic areas in the north of Australia to these temperate regions (Miles & Howes, 1953; Anderson, 1954) . However, there is also some evidence to suggest that MVE may circulate at a low level in the south-east of Australia during inter-epidemic periods (Gard et al., 1976) . In the Pilbara area of Western Australia, virus activity occurs every 3 to 4 years (unpublished observations) and it is thought that virus may be spread from the Kimberley region via a narrow coastal belt (Stanley, 1979) . However, the extent of movement of MVE within the Australian continent is still unclear. Lebigs et al. (1986) reported on the genetic differentiation of 12 MVE isolates using HaeIII and TaqI restriction digest profiles of cDNA to virion RNA. Most of these isolates originated from the 1974 epidemic in south-eastern Australia. There was a marked genetic homogeneity of Australian MVE isolates with a sequence divergence of around 1 ~. In contrast, divergence between isolates from Papua New Guinea and those of the Australian continent was greater than 6~. The purpose of this present study was to extend the findings of Lobigs et al. (1986) by including a wider representation of virus strains on temporal and geographical grounds, and to explore the close genetic relationships by using the more sensitive technique of RNase T1 oligonucleotide fingerprinting. In addition, we hoped that information from this study would provide further insight into the epidemiology of MVE, including the possible spread of virus activity from endemic to epidemic areas.
METHODS
Virus strains. All virus stocks used in this study were supernatants of virus-infected Veto cell cultures. The virus stocks were not plaque-purified. They were titrated using PSEK cells in a TCIDs0 assay. A tissue culture neutralization assay, adapted from Rosenbaum et al. (1972) , was performed to confirm the identity of all strains used. The strains together with the source of each isolate, geographical location, and year of isolation are listed in Table 1 .
Cells. Veto and PSEK cells were grown in Medium 199 supplemented with 10 ~ foetal calf serum, penicillin (100 units/ml) and streptomycin (100 mg/ml).
Virus production and purification. Monolayer cultures of Veto cells in roller bottles (Bellco Glass, Vineland, N.J., U.S.A.) were infected with MVE at an m.o.i, of l. After 48 h incubation the culture supematant was collected and clarified by centrifugation at 10000g for 1 h at 4 °C. The virus was precipitated from the cleared supernatant overnight at 4 °C using polyethylene glycol (PEG 6000; 7~ w/v) and NaC1 (2-3~ w/v). The precipitate was collected by centrifugation at 10 000 g for I h at 4 °C. The pellet was purified on a sucrose gradient (30 to 60~ w/v), and the virus band was collected and pelleted through a sucrose cushion (30~ w/v).
RNA extraction. Virion RNA was extracted from purified virus essentially according to the method described by Hsu et al. (1973) . The RNA was quantified using spectrophotometry at 260 nm and analysed for size on agarose gels containing formaldehyde (Maniatis et al., 1982) .
RNase 7"1 oligonucleotide fingerprint analysis. The method used was an adaptation from that described by Pedersen & Haseltine (1980) and by Trent et al. ( 1983) . Virion R NA (500 ng) was heated for 5 min at 90 °C, rapidly cooled on ice, and digested at 37 °C with 5 units RNase T1 (Calbiochem) in 10 p.l. The RNase Tl-resistant oligonucleotides were labelled with 32p using the exchange reaction ofT4 polynucleotide kinase (Amersham). The reaction mixture had the following composition: 0-4M-Tris-HC1 pH 9.0, 10 mM-magnesium acetate, 10mM-dithiothreitol, 5 units of T4 polynucleotide kinase, 150 ]xCi [y-32p]ATP (Bresa; 3000 Ci/mmol) in 50 ~tl. This mixture was added directly to the RNase digestion mixture. The 5' end labelling was carried out for 4 h at 37 °C and then terminated with an equal volume of 0-6 M-ammonium acetate, followed by the addition of carrier tRNA and 2-5 volumes of ethanol. The RNA was precipitated for a minimum of 2 h at -70 °C, pelleted at 10 000 g and dried in vacuo. The sample was then redissolved in 20 ~1 of loading buffer containing 6 M-urea, 1 mM-EDTA, 0.1 ~o bromophenol blue, 0.1 ~ xylene cyanol FF and 0.2 mg/ml of yeast carrier RNA. Separation in the first dimension was in a 10~ acrylamide, 0.3~ bisacrylamide gel containing 6M-urea and 25raM-citric acid pH3.5. Electrophoresis was allowed to proceed at 1000 V (4 °C) until the bromophenol blue had moved 18 cm. The second dimension gel consisted of 22~ acrylamide and 0.7~ bisacrylamide in TBE buffer (50 mi-Tris-borate, 1 mi o EDTA pH 8-3. Electrophoresis in this dimension was terminated when the bromophenol blue had reached 23 cm. Autoradiography of the gel (thickness 0-4 mm) was carried out with Fuji RX film at 4 °C without intensifying screens. Exposure times varied from 12 to 48 h.
Numerical taxonomic analysis. A similarity matrix was constructed for all but two isolates using Jaccard's algorithm (Jaccard, 1908) . This matrix was sorted into a dendrogram using the group average technique (Clifford & Stephenson, 1975) .
RESULTS
All virus strains described in this paper were confirmed to be MVE by tissue culture neutralization assay (results not shown). All RNA samples prepared from purified virus appeared to have one species of RNA of high Mr with a mobility consistent with that expected for the MVE genome (results not shown).
The number of large oligonucleotides (> 10 nucleotides) predicted for a genome having the size and composition of MVE ) is about 115 (Aaronson et al., 1982) . In our gels we resolved about half that number. A composite map of the fingerprints of all isolates, except OR 156 and MK 6684, is shown in Fig. 1 . It was traced from the fingerprint of OR 1 with all the extra oligonucleotides of other isolates drawn in. All large oligonucleotides included in the comparison were drawn as circles and numbered. The oligonucleotides drawn as dark circles were present in OR 1, the open circles represent oligonucleotides found in other isolates. A comparison of all isolates to OR 1 with respect to the missing and extra oligonucleotides is shown in Table 2 . The total number of oligonucleotides that did not comigrate was 88. Large oligonucleotides which did not generally resolve well are not included in the comparison (e.g. between 83 and 84, and 47 to 58; Fig. 1 ). Some spots on the maps may be due to two oligonucleotides which ran to virtually the same position on the gel (e.g. 19, 58, 65) . In these cases they were counted as one spot. Such doublets were often convenient markers for aligning maps for comparison. Another feature regularly encountered was the presence oflighter spots. These may be due to partial digestion (Pedersen & Haseltine, 1980) , digestion with contaminating RNases, or random contamination with other RNA (Brinton et al., 1986) . For example, oligonucleotide 67 (Fig. 1) in WK 15 (Fig. 2a) , OR 378 (Fig. 2b) and BG 208 (Fig. 2d) appears as a relatively weak spot. In AN 505 (Fig. 2f ) and PB 1898 (Fig. 3 b) however, this oligonucleotide appears as a dark spot. In cases where at least one isolate carried the oligonucleotide as a dark spot it was included in the analysis. This is a conservative strategy as it increases the similarity between isolates. As expected, no evidence for a polyadenylic acid tract was found in any of the fingerprints. Its absence is a feature of flaviviruses (Westaway et al., 1985b) .
The oligonucleotide maps of the isolate MK 6684 from Papua New Guinea (Fig. 4a) and OR 156 from the Ord River region (Fig. 4b) were unlike each other and any other isolate. Too few spots comigrated to determine accurately the level of relationship. These isolates were therefore not included in the dendrogram (Fig. 5) Table 2 . This map is a tracing of the fingerprint of OR 1. Additional spots from the fingerprints of other isolates are drawn in. All oligonucleotides included in the analysis are drawn as circles and numbered. The dark circles represent OR 1 and the open numbered circles are a composite of all other spots. XCFF is the position to which xylene cyanol FF migrated; BPB is bromophenol blue.
divergence from other Australian isolates (M. Lawson, personal communication). Similar studies would be required to determine the extent of divergence of MK 6684 from the Australian isolates.
OR 1 and OR 2 were the most closely related isolates in this series (98 ~o). This is not surprising in view of the temporal and geographical relationship between these isolates (Table 1) . Most other isolates had a greater than 80~o similarity with OR 1 (Table 2), the exceptions being 15109D and PB 1898, which displayed a similarity of about 70~. Using the information from Table 2 a dendrogram was constructed using the group averaging technique (Fig. 5) . This dendrogram reflects the relationships found between the various isolates. Most linkages of groups occurred near or above the 80~o level. Isolates at the lower and upper ranges of the time span covered by these strains tended to link at lower levels, reflecting the accumulation of changes in the genome. In this context MRM 66 (a 1960 isolate) and AN 505 (a 1984 isolate) linked at approximately the same level (75 ~o). The exceptions to this tendency were PB 1898 and 15109D. This is somewhat surprising since TC123422 and Ch 16219D (Fig. 2c) , 32, 63 12, 13, 15, 17, 21, 26, 27, 30, 31, 36, 47, 48, 52, 67, 86 OR 432 95 63 17, 30, 36, 48 OR 492 91 63, 66 14, 30, 31, 34, 36, 48, 60 OR 511 84 8, 9, 16, 37, 66 12, 14, 15, 17, 21, 27, 34, 36, 47, 48, 60, 79 OR 529 76 9, 37, 45, 66 12, 13, 14, 17, 21, 24, 26, 27, 28, 30, 35, 36, 39, 43, 48, 55, 56, 60 OR 534 84 4, 7, 8, 9, 37, 42, 45, 57, 63, 66 12, 14, 17, 36, 48, 55, 56, 59 AN 428 80 1, 6, 7, 8, 9, 16, 22, 37, 42, 45, 12, 14, 26, 27, 36, 48, 69, 79 54, 57, 61, 63, 68, 77 AN 505 75 8, 9, 18, 44, 54, 61, 63, 64, 66, 68, 77 12, 13, 14, 15, 17, 21, 27, 36, 43, 53, 55, 56, 65, 69, 78 WK 15 82 1, 6, 7, 8, 9, 16, 45, 54, 57, 63, 66 12, 14, 26, 27, 36, 48, 55, 56 WK 27 85 8, 9, 22, 37, 45, 57, 61, 63, 66 12, 14, 17, 26, 27, 55, 56 WK 65 85 8, 9, 45, 57, 63, 66 12, 14, 17, 26, 27, 36, 48, 55, 56 BG 208 83 4, 9, 45, 57 12, 14, 17, 19, 20, 24, 26, 34, 52, 55, 56, 60, 85 MRM 66 80 44, 63, 66 19, 20, 21, 24, 26, 27, 30, 36, 39, 4l, 48, 53, 55, 60, 69 Ch 16219D 87 22, 42, 44, 63 12, 14, 17, 21, 26, 27, 30, 36, 52 15109D 72 2, 3, 5, 22, 37, 44, 63 11, 14, 15, 17,23,25,27,29,35,36,41, 48, 51, 52, 56, 65, 73, 75, 79, 82, 86, 88 PB 1898 69 2, 3, 5, 22, 63 11, 14, 15, 17,23,25,26,27,28,29,31, 35, 36, 41, 48, 50, 51, 52, 56, 65, 75, 82, 86 Table 2 . The vertical lines indicate the degree of similarity of isolates or clusters of isolates to each other. DISCUSSION Two-dimensional electrophoresis of RNase Tl-resistant oligonucleotides has been used to investigate the genetic variation of flaviviruses (Trent et aL, 1981 (Trent et aL, , 1983 Monath et al., 1983; Hori et al., 1986) and many other RNA viruses (Kew et al., 1984) . Trent et aL (1981) observed extensive variability between Saint Louis encephalitis virus (SLE) isolates from different geographical regions. The same type and extent of divergence was not observed for MVE in Australia. This dissimilarity may reflect a difference in the spread of the two viruses. Thus whereas the various strains of SLE circulate in their respective geographical areas, MVE may represent a single large circulating virus pool particularly in northern Australia, and the virus may be introduced into south-east Australia. Our strongest evidence that this actually occurred is the similarity of the fingerprints of PB 1898 and 15109D (Fig. 3a and b) to each other and their differences from other Australian isolates. There is some serological evidence to suggest that MVE was present in New South Wales prior to 1974 (Doherty et al., 1972; Gard et aL, 1976) , although actual isolations were not made. At the same time (1973), another Australian flavivirus, Kunjin virus, was isolated from C. annulirostris in western New South Wales (Gard et al., 1976) . If MVE participated in separate ecological cycles in the south-east and in the north of Australia, fingerprint variations similar to those seen with SLE (Trent et al., 1981) and dengue type 2 virus (Kerschner et al., 1986 ) might be expected. The similarity of the Kimberley isolates with the Charleville and Toolamba isolates of 1974 suggests a spread from the north-west of Australia to the south-east. This contention is strengthened by the fact that the Kimberley is the only proven enzootic area in Australia (Liehne et al., 1976b; Wright et al., 1981) .
The fingerprint of one isolate from the Ord River area (OR 156) differed substantially from all other isolates. Instances of lack of correlation between geographical distribution and genetic variation among flaviviruses have been recorded previously (Trent et aL, 1980; Kerschner et al., 1986; Hori et al., 1986) . In those examples however the variant could be traced to another geographical area, was not substantially different, or had ecologically distinct associations. The discovery of OR 156 among the Ord River isolates remains an enigma. To date no other isolates have been found with similar fingerprints. The possibility that this virus has been introduced via migrating birds from Irian Jaya or Papua New Guinea cannot be excluded. Although the fingerprint of this isolate is dissimilar to that of MK 6684, extensive divergence between two isolates from Papua New Guinea has been reported (Lobigs et aL, 1986) . Examination of a large number of isolates from this region and Irian Jaya would be required to investigate this possibility, but no such isolates are available.
Minor variations between Kimberley isolates, apart from OR 156, do occur with the lowest linkage level at 75 ~. According to Aaronson et al. (1982) this represents a sequence divergence of approximately 1.7~, although this could be within the range of 1 to 3 ~. isolates are more closely related (linkage at 85 ~o or better). The sequence divergence for these isolates would be expected to be approximately 1 ~. This agrees with the findings of Lobigs et al. (1986) , except that we found PB 1898 to be significantly different from other isolates. The fingerprint of this isolate lacked 16 spots which were generally well defined in other fingerprints (Table 2) . A difference in sensitivity and specificity between oligonucleotide fingerprinting and HaelII and TaqI restriction enzyme mapping may explain this observation.
It was not possible to discern a systematic drift among the isolates tested. Indeed, the similarity between 1960 and 1984 isolates was about the same as that of either isolate to the other viruses (Fig. 5) . The relative stability of the genome of MVE is not surprising in view of the findings of Trent et al. (1980) , who demonstrated genetic stability of the SLE genome in strains circulating for many years in a given geographical region by RNase T1 fingerprint analysis, and the results of McAda et al. (1987) and Sumiyoshi et al. (1987) , who sequenced a large part and the whole of the Japanese encephalitis virus genome respectively, using two different isolates from broadly the same geographical area but isolated about 4 decades apart. The genomes of these two isolates are very similar.
The question of virus movement across the Australian continent is of considerable interest for the early warning of epidemics in the south-east and the evidence presented in this paper may be substantiated by further work with other flaviviruses with similar ecologies, such as Kunjin virus.
